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1. INTRODUCTION

NI recent work, referred to as l'Z1 (Powell and Zielinski 1989), we developed a steadv-
,lilt t :iiodel for investigating tile properties of phe:,.a disclh arges in al, electrothlien 1al I'l)
Sgim, A Aniiumber of •(NIperim ental me'asurements were also discussed and a con parison of thlie
elxiW1n1n11ni al and tlheoretical results was undertaken. In this report., we will be intere..ted
prinarily in extending the calculations to the tinie-dependenit regime. We will also account
for ccrtain nonideal eflects, neglected in our previous work, but which can be important
fo: pl;,:inas in the ternperature and density range characteristic of these discharges. More
extevisiv, experimental measurements will also be presented and compared with the calcu-
latoins. It is, in fact, these additional measurements and their lack of agreement with the
sl (ad vstate model that have niot ivated the tinme-dependent calculations.

''lie intent of bothi the theoretical and experimental work described here is to provide
1o4n01 insight into the nature of tile ;:pillary discharge. It is hoped that ultimately a model
can he developed which can be coupled to interior-ballistic codes, as well as to models for the
alppropriate power supplies, and provide a complete description of the electrothermal gun.
The cornplexity of the analysis as a whole has been the basic motivation for various groups
concentiating oil a Single aspect of the problem.

During the last decade or so, considerable effort has been expended in the study of
plroblems similar to the capillary discharge. This emphasis has arisen because of the impor-
tmnce of ablation-stabilized arcs for a variety of applications. Probably the most complete
ex i-rimnetal work was the e;irly investigations by Ibrahimn (1980) who undertook quite an
(!xc ,inive me.l of (diagiostic mcasureienuets of various arc properties. A fairly simple theoret-
icjal model wa.s also prolosed and used to analyze the experimental data. Later, Kovitya

an11 lowke (1981) mnidertook a thoroughgoing theoretical treatment of the problem. Their
',!:;del was otne-di nivlsiolial arid pred icted the properties of the discharge under steady-state
conditions, Results of the calculations were comlpared to a very limited extent with the

Xpen iienitidl work of IbrInahinn (19S0), and also of Niemeyer (1978). arid reasonably good
"Agr'emeln(*Jt betwenj theory and experimnt was claimed. More recent work, both theoretical
aMid vxj(, rinnintal, has been carried out by It.uc;,ti arid Niemeyer (1986). With regard to the

"I,''cifi, Iproblem of electrotlneri nal-guin capillaries, models of varying complexity have been
lii oposN'd by 'lidilimu, 'l'hio, G(oldst,.in, and Spicer (1986), by Loeb aad Kaplan (1989), by
( .lm)'Nvs llnillis, M arino:;, Rticci, arid Cook (1988), by Molianti, Gilligan, and Bourham (Mo-

lin I mind (Gilligan, 1990; Molhanti, G.illigan, and 3ourrnan 1 991 ), arid by various investigators
at Simdia National Laboiatories (Wood fin 1991). These treatments range from zero dimen-
hiolill and ste.ady state, to fiore sophisticated tin n.-dependent, one-di! ,ensional calculations



which arc coupILed to both tile plil•e-forniing network and to interior-ballistic model 0 f llhe

work iii, fluid.

The model and calculations both here and in our previous work are similar to the one-

dim•nsional treatments above. Our intentiou has bicen to develop a capal iliiv in B lI. for

describing the ET capillary in order to provide basic data for modeling the interior ballisticb

of these devices. Furthermore, we have available models and computer codes that were

developed in conjunction with the study of plasma arcs in railguns. These codes solve the
basic magnetohyvdrodynamic conservation equations for the plasma. as well as calculate its

condtictivity, its ionization state, ard approximate pertinent equations of state. This report

wil! basically describe our first efforts at modifying these models and programs to treat the

El-capillary problem, as well as present some preliminary experimental measurements of

the plasma properties.

The organization of the report is as follows- In Sec. 2, we describe the model and major

assumptions. In Sec. 3, the theoretical formalism necessary for treating the problem is
developed. In Sec. 4. we discuss a simple, limiting-case calculation; the simplified model is

one which is isothermal and steady state. In Sec. 5, the experimental measurements alluded

to above are described in some detail. Section 6 contains results of the calculations and a

comparison of theoretical and experimental results. Finally, in Sec. 7, we attempt to discuss

rather carefully the limitations of the calculations, likely reasons for the lack of agreement

between some aspects of calculations and experiment, and some ways in which both the

model and experiments can be improved in future work.

2. MODEL AND ASSUMPTIONS

The basic model that will be employed in the calculations is shown schematically in Fig. 1.

A potential difference applied between the anode and cathode, located at z = 0 and z = ( in

the figure, produces a current i which is conducted through a plasma arc in the interior of

the cylinder shown. The current ohmically heats the plasma to temperatures of several tells
of thousands of degrees. Radiation flux ý from the heated plasma then ablates additional

material from the capillary wall. This material replaces the plasma which is shown, via the

curved arrows, flowing out the end of the capillary tube located at z = . The left end of the

tube, located at z = 0, is closed. The radius of the capillary, not shown in the figure, is rb.

In PZ., we undertook calculations with this model in which it was assumed that the

plasma could be treated in the steady-state approximation. In the present work we will

exten(d those calculations to the time-dependent regime. In addition, we will include certain

I !
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Figure 1. Schematic Diagram of Capillary Model.

nonideal effects which can occur for plasmas in this temperature and density range. These

nonideal effects are important whenever the density of the plasma is sufficiently high that,

because of nonnegligible Coulomb interactions, the potential energy is not negligible relative

to the thermal energy. Nonideal plasmas have received considerable attention in the last few

years, and there now exist an enormous number of models (See, e.g., Gunther and Radtke

19841) for calculating the effects of these important interactions.

Nonideal effects can be expected to produce the following consequences. First, and

probably most important, is a reduction in the plasma conductivity at a fixed temperature

and pressure. Roughly speaking, i his reduction occurs because short-range collisions between

electrons and ions, which occur infrequently and are negligible in low-density plasmas, cannot

be neglected in the nonideal case. To correct the conductivity, we have adapted a heuristic

method developed by Zollweg and Liebermann (1987), the principal result of which is to

replace the Debye shielding parameter in the us! al Spitzer expression (Spitzer 1965) for

conductivity by an effective, larger value. The secaid consequence of nonnegligible Coulomb

interactions is that the nominally "free" electrons in the plasma are no longer completely

free, but remain weakly bound to the ions. Consequently, there is an effective reduction in

the ionization potential associated vwith each species, since less energy is required to remove

an electron to a weakly bound state than to a completely free state. In addition, one can

obviously expect a contribution to the internal energy of the plasma from the Coulomb

interaction and a resulting change in the pressure as a function of temperature and density.

3



Since the Coulomb interaction is negative, the pressure Is reduced from that which would
be obtained in the ideal case. Since the change in both the energy and pressure tend to

be very small indeed, at least for cases of interest to us, we have neglected these particular

nonideal effects. We do, however, account for the lowering of ionization potential. A similar

approximation has been employed for railgun plasma armatures by l1olader and Batteh

(1989), and we will use the same model for the ionization reduction as they have employed.

The model is that developed by Ebeling and Sandig (1973).

Two other minor improvements have been made in the calculations of PZ1. First, we have

attempted to improve the computation of the electronic partition functions of carbon and

its ions by including additional terms in the series. Second, we have included a calculation
of the electronic excitation energy and included this contribution in the internal energy of

the plasma. Both of these changes are discussed in greater detail in the ensuing pages, but

neither makes a particularly significant change in the results of PZ1.

Other approximations and assumptions that were employed in PZ1 are also used in this
calculation: The model is one dimensional so that it is assumed that all flow variables

are nearly constant across the cross section of the capillary, except possibly within a small
distance of width 6 near the walls. This region is designated as the "boundary" and is

so labelled in Fig. 1. In all final equations we take the limit as 6 -4 0. It is assumed
that the plasma consists of a homogeneous mixture of hydrogen and carbon neutrals and

ions, which resulted from dissociated polyethylene, the substance assumed to compose the

solid capillary. The carbon is assumed to be at most doubly ionized. We neglect both
turbulent and magretohydrodynamic effects. The latter approximation is reasonable since

the magnetic pressures turn out to be small relative to the hydrostatic pressures; the neglect
of turbulence is not so easily justified and requires further study.

3. THEORETICAL FORMALISM

3.1 Derivation of' Conservation Equations with Ablation. The most straight-
forward method for obtaining the one-dimensional equations which express conservation of

mass, momentum, and energy and which account for ablation is to average the appropriate
two-dimensional equations over the cross section of the capillary. We therefore begin the

analysis with the standard axisymmctric two-dimensional results in cylindrical coordinates.
Let p, P, and E be the density, pressure, arid specific internal energy of the plasma. Let 9
be velocity which has r component u and z component w. Let J, a, and ý be the current

density, electrical conductivity, and heat flux. Then, expressed in conservation form, the

equations can be written

4



-(I P1) -r (Pz,) = o

01 7- 0' 0: aPj•(Pu) + 75,:(rpiaI'') +--(P")= ---oz (2)

and(

a-[p(E + t'/2)] + [rpu(E + t/2 + 0z[pu;(E t+ ,,2/2)] + (reU) + -a(Pw) =

J2 a -(rq,) - Lýqk 3
0 rotr •(3)

We now assume that all the plasma variables are nearly constant across the arc cross

section except very near the boundary. We then multiply through each of the equations

above by 27rrdr and integrate from r = 0 to r = rb - b, i. e., up to the inside edge of the

boundary layer. The spatial average of any variable F is defined as

2 r, rF(r, z)dr (4)

where A is the cross sectional area given by A = 7rrb. In obtaining the above result we have

taken 6 to be small relative to rb. We furthermore assume that since the variables are nearly

constant that the average of all products can be replaced by the product of averages. The

above integrations then yield

a~ a 2+ O(O) = _2PbUb = PU (5)
Tt rb

a(•tD) + O(z , ) + -(pUbwb) = _- (6)

and

0 -. 12/- Q 2
~t +0/2))+ [f(L + 0/2) + 0(- PbUb

2-PbUb(Eb + V2/2) - (7)

rb rb

5



Ilere the subscript h denotes values of the variable inI question at thl point r = 7- . In

obtaining Eq. (7), we have assumed that 0'2 
_- wi"p and. silice A changes only by a small

amount in any calculation of interest to us, we have also taken a.A/at and 9Ai4.9 to be zero.
We will henceforth assumne that w5 = 0 in accordance with previous assumptions (lowcll

and Zielinski 19S9) that the ablated products enter with no velocity and neglect the last

term on the left-hand side of Eq. (6).

In order to obtain the rate of ablation, it is necessary to observe that Eqs. (1) and (3),

which express conservation of mass and energy, bohl no', only in the plasma but ini tile
solid polyethylene as well provided we take i; = 0. As a result, the equations imply certain

boundary conditions that must hold at the interface between the plasma and the solid.

These conditions can be obtained by integrating each of the equations across the boundary

of thickness , and then taking the limit as 6 , 0. We finally observe that the integral of

each partial time derivative !-- produces, except for terms which vanish with 6, the result
"4tb < F >. Here ib denotes the velocity with which the boundary moves and the brackets (in

this section only) denote the change in the quantity in question as the boundary is crossed.

Carrying out the two integrations then and solving the results for ub and rb, we obtain

Pb + pbEb

and

pbAq÷b= P• q((4)
p,(Pb + 1,bEb)

In these two equations p, denotes the density of solid polyethylene, and Aq = qrb - qIr

denotes the difference in the flux emitted by the gas at the boundary and that transmitted

all the way into the solid or, in other words, the flux absorbed by the boundary. In deriving

these equations we have assumed that p, >> Pb, E, << Eb, and ub << Eb. Equation (8)
can evidently be used to obtain the ablation rate, whereas Eq. (9) yields the rate at which

the solid strface recedes.

Equations (8) and (9) can now be used in Eqs. (5)-(7). We find after expanding out the
derivatives and simplifying the equations considerably that the results can be written

Op Ow (p
4-- p w + + =

6



Ow OU, +)IPT +P"' = -a-T-(11)

and

0 E ,OE + WU, JW 2 Oq(
P -+P + po(E- =/2) q-

c~l01 0:- (2

with tile ablation rate /o given by

2pbAq
Pa = rb0 (1b + pbEb) (13)

The overbars, denoting average values, have for simplicity been omitted in these equations
and will be omitted in the remainder of the report. It is to be understood that averaged

values are implied unless stated otherwise. Equations similar to those above have been

derived, for example, by Tidman, Thio, Goldstein, and Spicer (1986).

The ablation-dependent terms in the above equations can be interpreted as follows, The

term A& in Eq. (10) represents the rate at which the plasma density increases because of

ablation. The term w&0 in Eq. (11) represents a drag force on the gas because the ablated

products enter with no velocity. Finally, in Eq. (12), the term A0E accounts for energy
expended by the plasma to bring about the ablation process, whereas the term Avw2/2

corresponds to a dissipative effect resulting again from the ablation products entering the

mainstream of the arc with no velocity. The first of the last two terms results in a decrease

in internal energy, while the second results in an increase.

3.2 Equations of State and Supplementary Relations. As is well known, the

conservation equations presented in the previous section are not sufficient to determine

uniquely the various fluid parameters. Additional relations required include expressions
for the heat flux 7 and conductivity a, as well as equations of state which relate F and E to

the density p and temperature T. Much of these data have been tabulated for polyethylene

in, for example, the SESAME tables (hlolian 1984). Nevertheless, we will formulate the ap-

propriate relations in their entirety and carry out the calculations within the computer code.

Ihe purpose for undertaking the calculations rather than relying on tabulated or curve-

fitted values is our interest in developing a mechanism whereby plasma constituents may be

changed casily, even for mixtures whose properties have not been previously documented.

In all the calculations to be discussed, we will neglect both the longitudinal heat flux q,

as well a- the flux conducted into the solid polyethylene, q,. The first effect was deemed

7



ncgligible because the length of our capillary tubes is generally large compared to their radius.

Moreover, earlier calculations which we have performed including this effect suggested on] \

minor differences with cases in which it was neglected. The second effect is assumed to be

fairly insignificant because of the low thernial conductivity of polyethylenie. The energy flux

radiated out the sides of the capillary will be assunmed to obey the standard blackbody-

radiation result. Consequently, we will neglect the last two terms on the right-hand side of

Eq. (12), and take Aq in Eqs. (8) and (9) to be given by

Aq = qrb = osTb, (.1)

where as is Stefan's constant.

To determine the pressure equation of state, we assume the law of partial pressures and

write

P = nc(1± + xc + 2x2 c)ktT+ ni(1 + xIH)kT, (15)

where k is Boltzmann's constant, where nc and nl/ denote the number densities of heavy

particles for carbon and hydrogen, respectively, and where x,, is used to denote the ratio

of "jth" ions to heavy particles for species (. We assume that the carbon atoms are ionized

at most doubly, an assumption which will prove reasonable for the temperature and density

ranges of interest. It is sometimes convenient to express Eq. (15) in terms of the mass density

and to use the rather obvious relation

= p= , (1(3)
moc + rormll

where moc and trolol are the masses of the carbon alnd hydrogen atoms, respectively, and r0

is the ratio of hydrogen to carbon heavy particles. For the assumed homogeneous mixture

of polyethylerie, r 0 = 2.

The ion concentrations which appear in Eq. (15) can be determined by solving the Saha

equations (see, e. g., Zeldovich and IRaizer 1966). In rather simplified notation these govern-

itig equations cam be written

'T2, = 1K2.o•,. = 1 + K + . lcIKI,2. (17)

The functions K., are given by 8/



2 Z ,. 2 -,-7r. ,.kT" .•., .I =' -" ( ., "cxpl[-( l,> - A lI,,)/'kT 'j. ( iS;
Nt Z0,1,-1 ( h'."1 J

where rn, is the elect ron mass. h is Plaiick's conitant. I.., dciotes the ith Ionization potential

for specie a, and A.I,,, denotes the reduction in the ionization potential because of tle

noiuideal effects discussed earlier. :As pointed out, we use the model proposed by Ebeling
and Sandig (1973) to compute the reduced potentials. The reduction can then be written

'C2
""l- ) 4 .0(• C. '2 , (19)

In this expression co is the permittivity of free space. c is the electronic charge, and A is the
deBroglie wavelength given by

A = (2m m,.kT)/./2  (20)

The parameter AD is the standard Debyc length, taken here to account foi both electron and
positive-ion shielding, and can be written

AD= [ T 1/2 (21)

where n, is the electron density given by

n, = nIll + nIC + 2n 2c, (22)

and Z represents the effective charge on an ion, namely,

Z ncxlc + 4 nc:x2c + ni,xZ( 1j3

ncxIc + 2 rzCX2C + nlx11(H

Tile electronic partition functions Z7, which appear in Eq. (18) can be written (Zeldovich

and Raizer 1966)

Z ia = •g,,usexp(-Uji/kT), (24)

wlhe2re U.,, is the energy level of the ith electronic state of the jthi ion, and 9.,, is tile

appropriate degeneracy factor for this level. These energy-level data have been compiled
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Table 1. Degeneracy Factors and Electronic Energy Levels for Hydrogen, Carbon, and

Thcir Ions

Carbon Itlvdrogen

1ic=11.26 ev I2C= 24.38 Cv 13C=4T.8 6 cz, Iiu=13.60 tv

j=O j0l j=2 j-O

I gocI Uoc,(ev) gic, ULci(ev) g2ci U2C,(CV) goH, boU(i(cv)

1 1 0.0 2 0.0 1 0.0 2 0.0
2 3 0.0020 4 0.0079 9 6.50

0.0054 12 5.35

4 5 1.27

5 1 2.69

6 5 4.19

7 9 7.50

8 3 7.70

9 15 7.96

10 3 8,.56

11 15 8.66
12 3 8.79

13 9 8.87

elsewhere (Moore 1952). The summation in Eq. (24) should actually be extended over all

levels having energy lower than the reduced ionization potential. For simplicity, however,

wc have extended the sum only over levels whose energy was less than about 9 ev. Our

calculations will indicate temperatures within the arc of at most about 3 ev, so the that the

exponential factors in the omitted terms are at worst about 5% of those in the leading terms.

Approximations of this type are fairly common and have been discussed elsewhere (Cambel

1963). The actual levels and degeneracy factors used in the calculations have been indicated

in Table 1. It should be noted that in some cases several levels of comparable energy have

been grouped together.

In calculating the specific internal energy of the plasma there is a certain arbitrariness

in what one defines as the zero level. In calculations which include ablation, however, it

is necessary to account for the energy required to vaporize, dissociate, and ionize the solid

polyethylene, as well as to heat the resulting products up to the temperature of the plasma

10



core. One should also account for the electronic excitation energy in b)oth the neutrals and

the ions, though this contribution is frequently negligible. If we take the zero energy level to

corrcspond to an unionized gas at zero degrees, the appropriate expression can be written

1 3 3E = I,'-[-kTi,(1+ + xrc+ .r... + -'1"7(1 + x-) + ('ICe -. 1 ic •--xIr+ (25)
p 2 2

(IIH -- A.Ii)nHXiH + (l1C + I2C - AII - A12c)IZcX2C + pE,. + pED +

nc( - XliC - X2C)loC + n1cX1Cli c + IZCX2CII2C + nfH(l - X1H)IVoH].

The quantities E•, and Ep are the specific vaporization and dissociation energies of polvethy-

lene, taken to be given by 2 kJ/g and 80 ,J/g, respectively: the quantities u1',o are the

electronic excitation energies and can be obtained from the various partition functions via

the relation

I',ll= -kT 2 a "; (26)

This representation of the internal energy neglects the difference in the specific heats of the

solid and gas, but the difference is negligible at the high temperatures under consideration.

Finally, we must obtain an expression for the electrical conductivity o'. We account for

electron collisions with both ions and neutrals and have from standard relations

rc 2

a = ,( 2 -, (27)
m71(ven + iiet)

where v,. and v~j represent the collision frequencies of electrons with neutrals and ions,

respectively. If we assume that the frequencies representing electron-neutral collisions can

be added, the appropriate overall frequency can be written in terms the scattering cross

sections of neutral hydrogen and carbon as

'en = t.i[(] - x1c - x 2r)ncAc 4 (1 -- xII.I)nHAI], (28)

where v• denotes the mean electron velocity, namely,

(° = , (29)

11



and where A(- and Ali d(erio cos .-cction', of Carlbon atld hydrogen. r(specdi vcl1, l , all

calculations, we have used the \l;'s Loeb and Kaplan 19S9., AC = 3-_ ((a and .11 = 177(-,

where a0 is the Bohr radius, app,'oximately equal to 5.29 x 10-" In.

[or tlhe collision frequency witI i ion. we n avc uscd t w Spitzer foritinla but modified it

the itatitcr discussed earlier in oro er 10 acconIf t for notid(eal effects. Iii particular, the well-

known "log A,' term in the usual Spitzcr expression is replaced by (Zollweg and Liclhertanit

1987)

o ..\ - lo (1 + 1 .,\,,i (30)

where A,, is given by

Am- 2,k ['3 ( 2/3]l/2 (31)

and 7)+ denotes the density of positive ions in the plasma. In tertns of other quantities

calculated, we have

? (+ = 72C + xC + X2 C) + 7HXIH. (32)

As a result of these substitutions, the Spitzer collision frequency becomes

3SZnuc 21o(1 + 1.4.\,j)/2

"•= - /(33)

where , is a fairly weak function of Z approximately equal to 0.58 at Z = I and 0.68 at

Z = 2. At points between the extremes, the parameter can be approximated by a linear

fmiction with little error. It is possible to show that Eq. (33) reduces to the usual Spitzer

result for sufficiently low densities and sufficiently high temperatures.

3.3 Solution of Governing Equations. The formalism developed in the previous

two subsections is sufli, lent to dctermine the basic flow properties of the plasma in the

capillary arc. In particular., if we regard p, w, E, ý, T, and P as the principal variables, then

Eqs. (10), (11), (12), (13), (25). and (15) are sufficient to determine these unknowns. The

differential equations must be solved subject to some set of initial and boundary conditions.

One obvious condition is that

12



11(Z = 0) = 0. (31)

since the breech end of the capillary is closed. There is an addit.ioi~il condition. which is usu.

ally taken to be the flow rate or perhaps the pr'ssure, that must bc applied at the capillary

exit. The additional condition arises because the gas in the capillaiy is in general coupled to
conditions outside the capillary, and the gas beyond the exit point is not considered in the
calculation. Various arguments have been made to suggest that the flow is choked at exit

provided the plasma is exhausted into gas contained in a sufficiently large volume and we will

generally apply some boundary condition that approximates this situation. If longitudinal
heat conduction is accounted for. additional boundary conditions must be specified concern-

ing either the temperature or heat flux at both the breech and exit ends. but generally heat
transport in the axial direction has been neglected in the calculations. The initial conditions

on the various variables will be discussed in Sec. 6 when specific calculations are undertaken.
Finally, it necessary to assume values for the flow variables just inside the capillary-wall

boundary, i. e., Tb, Pb, Pb, and Eb in Eqs. (13) and (1.1). Unless otherwise stated we will
assume that these values are approximately given by tneir values in the mainstream of the

arc. Such an assumption is consistent. with the one-dimensional nattire of the model.

In order to solve the differential equations represented by Eqs. (10)-(12), we represented
the derivatives in the usual finite-difference approximation. The resulting nonlinear algebraic

equations were solved by a completely implicit, modified Newton-Raphson method (Pizer

1975). Various values of the grid spacing and time step were employed, but generally we
found that Az = 0.02( and At = 5 x 10-ss provided sufficient accuracy. An artificial

viscosity was included in the time-dependent calculations to extend shock fronts over several

grid spacings if negative velocity gradients appear in the calculations. The specific expression

used was that of von Neumann and Richtmver (1950), viz.,

=-pA:2 b2  forOW

S'for - < 0 (35)

and

t•=0, for-w > 0.(9z -

In this expression, b is an arbitrary number of order unity and we have used the value b = 1.5.

The artificial viscosity is included in the numerical calculations by simply replacing P by
P - Q in Eqs. (11) and (12).
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4. THE STEADY-STATE, ISOTHERMAL MIODEL

It will becone evident when we undertake sojie of the nuierical solitions of the general

tiln(e-depeildcll equ(ti'lIS., that t], IC!teci I,, lilc' remialiln, fairly nlearlY (OllStiill ac(lO:s tiii'

lea.,_'Ilj of tile arc. "lFurtitw imjlre. iW•I IflO t C( s's., tlie clirl 'lil changes o ;, tl le scal( Iliat is
slow comnpared to the late at wl,,h vaijou4 h dyinamnic plocCsses occur withinl the 1 lasila.

U.niider such conditions it seenIs reasonaible to aplj)rc -i1,ae the solution of the eqtuatiolls

in Sec. 3 with an isothernal, sleadv-state solution. Careful examinati on of the equatik)ons

reveals that a consistent isothlermal solution can be found provided the following additional

ass.umptions and approxinations are made: (1i) in addition to the temperature, the ion

,ceitrations xIC, x2c alld X11. as well ias the conducti vity u. are also position indepiildent;

d, (ii) the kinetic energy of tIc' plasina can be neghlet d relative to its internal energy.

fhese assumptions will be shown to be reasonable when tle more general calculations are

undertaken. The first is acceptable because both the ionization state of the plasma as well as
its conductivity are sensitive functions of temperature, but only weak functions of pressure.
The second assumption caii be shown to hold reasonably well at the high ternperatures where

there exist many contributions to the internal energy. It can furthermore be shown from the
governing equations that, when these two assumptions hold, both *. and E are also constant

ill space.

If we now make these approximations, write the goverlli tg differential equations in con-

servation form, and integrate from zero to z. we obtain the purely algebraic results

p1,,2 + P= Po (37)

and

pwE + Nu .= /. ('38)

In obtaining these equations, we have used tile boundary condition on w represented bY

Eq. (3-1) and denoted by Po the pressure at the breech end of the capillary. The dieterminatiozi
of P0 must come fromn the additional boundary cc -idition alluded to ili Sec. 3. 3 referring to,

say, the velocity of the gas at the capillary exit.
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If 'low . bihst i tille ]lq.. (16), (1:3). amid (] I) inito Eq. (*-s), we c•'a .olvc form dlly for t'ie
|tHllJw llit c ii(' I to ]3Idii'I.'cc

'I Ie, aIu,'vv eqiation expresses ital u1e1dr the st ated assu ii pjtionS the energvy dissipated via

.JoLui' h,' vting is equivi•enI to thia ri,tliitvd out tIhe capiillary walls, withl the kinetic energy
Iwl,•'p li.•ligildc.

\V now ubmcve thai the pressure '2qu(ation of state can, according to Eqs. (15) and (16),

I' ' . (.10)

whe,' ('au r,,lriVOWth the ion livolti,'c sp.ed ili the plasinia under the assumed isothermal
,,,,,,l mi., i d Is, g vi~i'.,, explicitly Iby

ý( [(+xjc +2rw)T'+2(1 Iu ]/ + (4)1)'l'L ~ ~muc'. "" mull(1

It wih' Im olmrve'd that for tle ,pproximations discussed, (.'.U is also independent of p, *iition

i ll Ow ceipillnry. Sulbmituting this relationship for P into Eq. (37) and solving (36) aud (37)

(or if, ut•l .' plmditce the explicit relaluiollships

(, - 1P, ' + (I -,o .l :2M -/vi)/] (42)

Ill ll

Siuiil u'Xll,*Ah!OR1o'01,, It' hid 1 w I,,.V,. ohltaiiud, for eximiide, by Tidman, Thio, Goldstein,

R1l11 Sjlit V1 (l9I6). It ih I'vid.t'it fl0l11i I tl,.i iestill N t haI it st'ady solution exists only for

PU : i,f co (4,4)

\Vhi'l the,' ,iqiiiiily h,,ll, th i)' V,'huity ut uxit i.' a nluixii•iii wid given by the isothcrmal

i,,m1,,l Il,,'r.d C',o.



Even with the preceding simplifications, a compictely analytic 'o tiut tt, thlie governing

equations is still not possible since the conductivity and ion concentrations are very compli-

cated functions of the temperature T. Since these quantities are spatially constant. however,

the solution to the appropriate equations can be found very easily Iv iteration and the it-

eration need not be carried out at every grid point in the domain. Nlore specifically, we

solve Eqs. (17), (27). and (39) for xl¢, X2C, Xi11. (r, and T via iterative techniques; position-

dependent variables such as p and w, for example, then follow directly] from Eqs. (42) and

(43) wi:th•qL any additional numerical solutions. In the expressions for a arid the ionization

factors, it is necessary of course to express position-dependent quantities such the electron

density n, in Eqs. (18) and (21) by the appropriate value averaged over the length of the

arc. This replacement is necessary in order to accord with the assumption that the ioniza-

tion factors and conductivity do not depend on position. Further study of the equations

reveals that all position-dependent quantities in the relevant equations can be expressed as a

function of the density p and the ionization factors themselves. For example, one can easily

show that n, can be expressed as

n lc + 2 X2C + 2il(5n, = p.(45)
mrc + 2rnmo

An expression for < p >," in turn, follows by integrating Eq. (.12) from zero to [ and produces

the result

1p pdz = PO {1+5- (N - 1)'/, + Ar2sin I/\'] (46)

where N= Po1(2= io).

5. EXPERIMENT

In this section we describe the elements comprising the capillary assembly and the specific

measurements made on the plasma discharge. These measurements include the plasma

discharge current, the voltage drop across the capillary dischlurge, and the pressure in the

capillary, all as functions of time during each of eight separate shots. Particular emphasis in

the discussion will be given to the unique implementation of the pressure transducer.

"The brockets here and in the remainder of the report denote an average over the capillary length.
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5.1 Experimental Set-up. The capillarv disclharae cni"tlher curnsistejk 0. '127-i

outer diameter. 142.S-mmi long. polyethylene rod, press-fit ten Into a 27,-mm,,7 outer diain''ir

stainlcss-stccl tube. A 6.3.5-m7m diameter, 9.5-mm long. inaragi n ,st ee' rod.( ate i Ii

a roomi-temperature v:ulcanizing adhesive (, RTV) and press-fit ted in1to III( 1inreeclI of thle

capillary. served as thec anode elect rode. TFlec end of flie elect rode rod~ ext e1(iidIii. froiii tilie

capillary was tlhreaded to the positive bus froml the power sUl)Ipy. Tlie (a: lode end of

thc cap~illary was joinied to a 0.254-1-n long brass barrel with a galvanized pipe coupling.

The joint Was sealed by wrapping teflon tape on the pipe threads and compressing anl 0-

ring in the interface. The cap~illary and tilie couip 1illig Were copii j sedS~ bet weentilte twýo

C.05 mn x 0.1 n2 x 0.26 m halves of an aluminum housing. Th housing Was bolted t~o the

ground plate on thc power supply and served as the high-currcnt return. The initial diamet~er

of the capillary was 6.35 m~m. After each firing, tile diameter of the polyethylene tube was

A Icreased with the next larger reamer size. This procedure p~rovidled for it new capillary

diameter for each shot. but saved valuable time in remnachining ncw capillary parts. The

length of the ablating discharge channel was kept constant at 60.9 min.

The pulsed power supply used to perform the experiments consisted of four, 100-kJ

modules (Zielinski 1989a, 1989b). Each 2000 it F module used a nominal 16 pHl pulse-shaping

inductor and, for near-zero loads, provided for a current pulse with a 300 ps rise t~ime anid a

transfer admittance of 11 kA/kV. Each module had the flexibility to be hre]t ifrn

initial voltages as well as t~o be triggered independently in tinme. Ignitrons ('NL-2SSSA) were

used as closing switches for each module anid diodes (12-RA204420's) were included across

each module to prevent voltage reversal on the capacitor bank. All module inductors were

connected to the pos~itiv'e bus which served to deliver power to the load. For these shots the

power supply was configured such that a sinusoidal-type current pulse was p~roduced having

a peak current sufficient to yield plasma core temperatures greater than 2) cr-. The pulse

width so greatly exceeded the duration of the time-dependent plasma behavior, that thle

latter was expected to be negligible. Typically, the initial capacitor voltages were such that

the first module, which initiated the plasma, was charged to 1 kV', and Modules 2 - 4 were
each charged to a progressively higher value of voltage (2 - 5 kV). A 100 jis time delay was

used between module triggers. A simple illustration of the circuit is shown in Fig. 2.

A 3S-gage aluminum wire ('-' 0.11'1-rm diameter), placed along the axial length of the

capillary, was used to initiate the plasmna discharge. The breech end of the wire was secured

between the anode rod and the capillary wail, and the muzzle end between thle capillary and

* the brass barrel. The D.C. resistance was measured between the breech and the aluminum-

housing, and was verified to be less than 1 Q2 before each shot to ensure a reliable arc

initiation. An insulated block-and-screw arrangement was secured behind the anode connecc-
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tion to prevent loss of capillary pressure an d volt age brcakdovwn .. lA . >tI ' w ,c ,\ v, t Ial"t('el'Id.

an axial force was applied to help sJal the anode iII the (a1)iil;rv. A itd :c of lic ;'S.-;ellc]d

capillary, mounted in the aluminuuim housing and con ne tcd to t lc ])l-, )O\\i Sulpplv. is

shown in Fig. 3.

Charging Module

Voltage Tripggr

Re 
1 " ML-288A 3 on 16 ,4.

SIMULE 1
Energy ,
Dump WL2Rolmy 2• -,o,,, 2

"Relay 2Wb Ad

PMJLE 3

DOm ;p I 2a2f M - .II.E 4

Resistor 
4

S.03

4.Posit ive Nn

ET
CetIllary
Load

Figure 2. Illustration of the Circuit for the 400-kJ Power Supply. Only the first module is

shown explicitly.

5.2 Diagnostics. All of the experimental electrical data were taken using three Nico-

let 4094C Digital Oscilloscopes. Most of the data were recorded at a rate of 1.0 /is/point

using 12-bit amplifiers (1 MegaSample/s, amplifier model number 4562). The pulsed-power

supply incorporated a single-point giounding scheme with the signal cables laid in close

proximity to the return ground braid of the oscilloscope. This positioning helped to avoid

any induced loop currents in the data-signal lines. The ground braid from the single-point,

earth ground was attached to the chassis of each oscilioscope in the control room, and the

A.C. conduit ground for each oscilloscope was disconnected. At the oscilloscope, each data

line and each A.C. power cord was looped several times through a separate ferrite core. The

data were stored on 5¼-inch floppy disks and later transferred to the large computer for

analysis.

The pressure transducer used in these experiments was a Kistlcr gage. model 607C. It

has a range up to 689.4 MPa and a sensitivity corstant cf -0.1,17 pC/psi. A radial, flat-

bottomed hole was drilled through the stainless steel tube into the polyethylene wall. A
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wall thickness of 1.8 rrmm (for a 6.35 mim capillary diameter) was left between the gage head

and the capillary wall. As the firings progressed, the capillaiy diaxneter was enlaiged and

consequently the wall thickness was reduced. A stainless steel mounting block was also added

to the outside of the stainless tube to provide extra support for the mounting I lireads of the

gage. The gage was located 17 mm froni the steel anode. An access hole was drilled through

the aluminum housing with adequate clearance for insulation around the gage, the RG-174

miniature coaxial cable, and the BNC connector.

Figure 3. Capillary Experiment Connected to the 400-kJ, Pulsed-Power Supply.

Before each test the gage was lightly coated with vacuum grease, inserted in the radial

hole, and tightened while the capillary was in a vacuum chamber. This procedure reduced

the amount of air trapped between the gage head and polyethylene wall. Typically. a vacuum

of a few Pascals (50 p Hg) was attained in the chamber via use of a roughing pump.

During the course of thii• work consideration was given to the acquisition of the pressure-

transducer signal voltage. Model 607C is a high-impedance, ballistic transducer with a rise

time of 1.5 is and is well suited for dynamic events. It produces an output of electrical charge

proportional to its quartz-crystal displacement. Consequently, a charge ampliier is needed

to convert the electrical charge into a voltage signal proportional to the applied pressure.

In these experiments a Kistler Dual Mode Amplifier (Model 5004) was used with a short-

time-constant setting (i. e., riaximuni pressure pulse duration of hundreds of milliseconds).
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Additionally. tile output of this type of amplifier (± 10 1' full scale) is current limited and

may not preserve the high-frequency content of the transducer signal, particularly when i:•i'd

to drive long coaxial data lines. For this reason full-scale output was kept around 4 1

The large. rapidly tiime-varying electric and niagnet ic fields near the experiment beelmcd

to dictate the use of a fibcr-optic data line to obtain consistent, noise-free pressure signals.

An amplitude-modulated (ANI) transceiver/receiver pair (Manage Incorporated, model num-

bers FOL-100, PC/Rx, and FOL-100, 1'C5/Tx) was employed initially. However, the gain

of the AM pair was found to be both time and amplitude dependent. Because of the un-

certainties in calibration a simple, double-shielded coaxial data line from the experiment

to the oscilloscope was tried. Subsequently, the double-shielded technique was employed

throughout the remainder of the experiment.

The miniature coaxial cable from the pressure transducer was roughly 1 m long, and

located inside a section of ground braid (second shield) which was connected at the stainless-

steel capillary tube (essentially at ground potential). The other end of the ground braid was

attached to a steel box which contained, but was insulated from, the charge amplifier. Signal

noise could easily be introduced into the data-line shields simply by allowing the metal box

or outer braid to come into direct contact with the concrete floor. Therefore, the metal

box was insulated from the floor with a sheet of wood and mylar. Before the signal line

from the pressure gage was connected to the charge amplifier, the cable was wound several

times through a large ferrite core. This procedure impeded any ground currents which might

be induced in the cable shield. The chassis of the charge amplifier was isolated from A.C.

conduit ground by disconnecting the third prong on the power plug and by winding the cord

several times through a separate ferrite core. Because the A.C. ground was lifted, there

existed approximately 50 V A.C. between the second outer braid and ground. Before the

miniature coaxial cable could be connected to the pressure transducer, the outer braid and

experiment ground were temporarily connected. In this way any potentially harmful gage

current was discharged to ground. Once the signal line was connected, the temporary jumper

could be removed and a more substantial ground connection could be made. The aluminum

housing was connected to the single-point earth ground located at the experiment. The

output coaxial cable from the charge amplifier was double shielded and connected at the

metal box and at the oscilloscope input BNC connector. Careful attention was placed on

ensuring that the outer ground shield was well insulated along the way to the oscilloscope.

Before each firing, a known input voltage was applied to the charge-amplifier calibration

input. This procedure was followed to check the charge-amplifier calibration as well as to

verify the amplifier-to-oscilloscope signal path.

Additional electrical diagnostics included measurements of the load voltage and the time
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rates of change of the plasma and individual module-inductor currents. The voltage was

measured between the atnode connection block and the aluminumm housing by using a Pearson

current transformner and resistor string. The time rate of change of the currents was measured

with Bogowski coils placed around the positive bus of thbe pulsed-lpower supply and each

individual inductor lead. These tecldiriques, used previously in railgun experiments, are

described elsewhere (Zielinski and Powell 1990).

The plasma discharge current typically rose to peak in about 450 pts. Monitoring each

of four, separate, rapidly-varyi ng current pulses, using Rogowski coils, provided a valuable

diagnostic since recorded di/dt signals may contain information on functional anomalies

that an integrated waveform would mask. The di/dt signals were recorded directly from the

Rogowski coils and the integrations to obtain current performed numerically using a five-

point smoothing algorithm. The Rogowski coils used for these experinments had rise times of

less than 3 ps. The error between the suni of the four measured inductor module currents

and the measured total arc current for all the shots was typically less than 5%.

5.3 Measured Data. There were eight firings performed in this series of experiments.
Current and voltage data were obtained on all firings; five firings produced valid pressure
data. The pressure data obtained on the remaining firings were not. useful. Solder, used
to fill unused fiber-optic velocity measurement holes in the brass barr,'l, blew out owing to

capillary pressure.

Physical measurements in these experiments included the capillary diameter before and

after five of the firings and lihited video-tape footage during the firings. The changes in
dimensions of the capillary were used to estimate the ablated mass and the recession rate
of the capillary wall. The video data revealed the large amounts of light arid gas being
expelled from the brass barrel many franies after the depletion of the capacitive stored energy.
Although only qualitative, these data provided insight into additional energy-conversion

mechanisms which occur on a time scale greater than the width of the current, pulse.

The data sets from each firing exhibited similar features and therefore only one firing,
Shot 8, will be discussed in detail. Summaries of measured data from the remaining shots
are presented in Tables 2 and 3 and will be given, more cursory discussion later.

Tie arc current, i(t), was comprised of current supplied by the four independently trig-
gered capacitor-bank modules. For Shot 8, the initial charge voltages were 2.0, 3.5, 4.5, and

5.0 kV, on Banks 1-4, respectively. Between each trigger pulse were 100 ps time dclays.

The inductor currents of each module are shown in Fig. 4 as a function of time. The first

two current pulses rise to their peak in roughly 200 Mus. The rise time for the current of
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tie remaining m odules approaclCes the short-circuit value (300 lis). owing ti , the lowered

resistance of tl, arc at the higlher current. The currents piesented in the figure are jipolhtr

even though there arc diodes across each module to prevent voltage reversal on the capacitor

banik. The interactioi) betwecn thi curren-icl-deperidemt load voltage and tie modtu le currents•

causes tlIe capacitor voltage to oscillaltv about t value above zero pole)tial, lurthiermore.

on this shot it apl)peared that the first mrrodule had been recharged to a higher voltage by

the intcracting currents. 'This effect produced a largcr peak current. in the first inductor at

t - 1100 ps. Unfortunately, there were not enough data channels to monitor a conmplete set

of electrical parameters for the power supply and their interaction with the plasma load.

Hcnk 2

"3. f; 4
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Figure 4. Four Measured Module Inductor Currents as a Function of Time for Shot 8.

The total measured arc current is shown in Fig. 5. The current wavefurm has a rise-to-

peak of approxirmiately '450 ps. The inflection points occurring every 100 tis are indicative of

the triggered mudules supplying current to the load. The final pulse width is albout 850 ps.

Ther small modulation in the load current for carly times has beeni observed previously

during power-supply characterization temts with fixed-load impedances. The amplitude of

the modulations can be controlled by adjusting the load impedance. Exact calculation of

this effect is impossible mainly because of the undeterminable, distributed stray capacitances

and inductances in the pulsed-power supply. However, an excellent description of such

phenomena and their relation to measured transient data can be found elsewhere (Burden

amid Shear 1969). In summary, it has been found when the load impedance is large compared

to the module inmpedance, the load current tends to have many, s,,rall-amplitude oscillations
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superimposed on the load-current wav.form. Such an effect also occurs, as seen in 1`ig. 5, for

tinies less than 40 ps, when the plasma arc is initiated. When a relatively small impedance

is used for the load, as is the case when the current rises to a large level (t > 200 's), very

few, smaller-amplit ude oscillationl al.l)('ar.

4r
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Figure 5. Measured P'lasmxia Arc Current as a Function of Time for Shot 8.

Figure 6 shows a trace of the measured voltage for Shot 8. This voltage includes the

capillary resistive and inductive terms. The first 18 ps, during which peak voltage reaches

,4.5 kl', corresponds to vaporization of the aluminum wire. For times less than 100 ps and

greater than 18 ,s, the voltage waveform reveals several srmail oscillations. These oscillations

occur for the same reasons as those discussed for the arc current in Fig. 4 and, to a lesser

extent, because of the early, time-dependent formation of the plasma. For the remaining

pulse duration, the voltage drop roughly follows the shape of the current pulse, with some fine

structure appearing in the waveform after peak current. The capillary voltage drop, V', was

obtained by subtracting the capillary inductive term L, d, and the steel-anode resistive

term, Ranodei(t), from the measured anode-to-housing voltage drop as a function of time.

Impedance-bridge measurements of the capillary inductance (L•,,) and anode resistance

(Iinod,) were made at a frequency of 1 kIIz, and are 101.5 nlI and 1.75 nifl, respectively.

The inductive-voltage term contributes less than 3/ to the total measured voltage and is

largest at early time.. The resistive contribution is slightly larger, about 5%, and is greatest

at peak current.

Figure 7 displays the pressure trace for Shot 8 as a function of time. It should be recalled
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Figure 6. Measured Anode-to-Ilousing Voltage Drop as a Function of Time for Shot 8.

that this pressure, denoted by P,, was measured at a point 17 mm from the anode end of

the capillary. The pressure waveform is similar in shape to the current waveform but reaches
its peak slightly later in time. Again, the inflection points which occur at 100 ps intervals
are indicative of current supplied to the plasma load by the three remaining modules, Closer
inspection of the data reveals a slight time delay between the current and pressure inflection

points. This differceice results from several effects. Foremost, the gage has a published
response of 1.5 its and tile thin polyethylene wall between the gage head and capillary wall

will no doubt increase that value. Furthermore, the plasmna may exhibit some time-dependent
behavior, especially with rapidly varying di/dt in the circuit. For this shot (Shot 8) the time

delay between the current and pressure inflection points was 4 ps for early times but on
Shot 4, which had a much smaller peak current and pressure, a 10 ps delay was observed.

These valucs are consistent with thIe effects mentioned above.

Ground potential, and therefore the reference for the oscilloscope, can shift due to small
currents flowing in the inductance and resistance of the ground connection. As a consequence,

pulsed signals cani converge to mionzero values for long times. In order to verify that the

pressure signal returned to the pre-shmot zero baseline, we extended the measurement for one
shot (Shot 4) long after the pulse-width of the current. In this measurement the transient

recorder acquired nearly 8000 its of data arid the pressure waveform was found to approach

to zero at 8000 ps.
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Figure 7. Measured Pressurc as a Function of Time for Shot 8.

Perhaps, however, the most interesting regime for examining both the accuracy and

acquisition of the pressure data is the initiation phase of the plasma discharge. Tile fine

cylindrical aluminum wire used to initiate the plasma is exploded by the passage of the

current pulse produced by Bank 1. This method of plasma initiation is similar to experiments

performed previously utilizing exploding-wire phenomena. With wire diameters on the order

of 0.1 mhm and available energies larger than 5 J/cm, a nearly cylindrical shock wave system is

produced (Bennett 1959). The syster is fairly complex; however strong-shock, similarity flow

theory (Lin 1954) has been found to describe the trajectory of the experimental shcck wave

and can be used to estimate the peak pressure when the plasma is initiated. In the strong-

shock approximation it is assumed that the energy is deposited instantaneously. Uniform

atmosphere surrounding the wire is assumed to consist of perfect gas with constant heat

capacity. In our experiments energy deposition is not instantaneous and, in fact, extends

over a period an order of magnitude longer in duration than that observed in exploding wire

expeFimenrits (Burden and Shear 1969). Therefore, similarity flow theory should yield an

upper limit for the pressure produced in the capillary during arc initiation and is given by,

P 0.216 £,,.P,,f r-

The energy deposited in the conducting wire, E,., is the value taken when the capillary voltage

reaches a maximum. At this time the wire conductivity is at a mir, imum. Thereafter, the
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air becomes increasingly ionized arid relatively more energy is dpositled in ;the colcum of air

surrounding the remaining metal wire.

The data for Shots 4. 6, 7, and 8 were used to calculate the pressure after wire vapor-

ization. In all tests the calculate(] pressure overestimated the measured pres.4i,!c b". a factor

of about 5 at low energies (less than 1 i/cm ) and about. 2 at the laegir di. Ui t c ('ir"ies

(". 3 J/cm). The recorded pressure pulse from wire vaporizat ion peaks 3-10 pl• after thi wlie

exploded. This observation is consistent with the development of a cylindrical shock-wave.

However, the observed pulse duration is an order of magnitude longer than strong-shock

theory would suggest. The differences in both time and magnitude between the calculated

and measured initiation event are largely attributable to the gage response (see discussion in

the previous paragraphs) and calibration (see discussion in Sec. 5. 4). Further differeiices can

be accounted for by deposition of nonconstant wire energy in a finite time. Most important.

is the absence in the pressure signal of noise induced from capacitor bank trigger pulses and

circuit transients during wire explosion. This final point gave us confidence that the signal

recorded was an accurate representation of the transducer output.

A summary of the experimentally measured parameters for all the shots is shown in

Table 2. Included are the current, ?pk, in Column 2; the resulting values for the capillary

voltage, V, with corrections for the inductive and resistive terms in Column 3; the value of

the capillary pressure, P;, in Column 4; and the time, ti,, at which these data are obtained

in Column 5. The next two columns show the value of the peak pressure. Ppk, and the time

at which peak pressure occurs, tpp,, respectively. The last two columns list the measured

values for the initial capillary radius, rbi, and the final capillary radius, rbj.

Table 3 summarizes additional, relevant parameters obtained from the measured electrical

data. It should be noted that there appears to be a time correlation among the peaks of

the voltage, power, current, and pressure. The peak voltage across the capillary occurs first,

followed by the peak in the arc current roughly 50-75 /is later. Because of the oscillatory

nature of the discharge, peak power occurs a few microseconds before peak current. Peak

pressure follows peak current by approximately 100 ps. Contrary to common assumptions

that capillaries of this type operate in the steady-state regime, the measured plasma data

appear to exhibit a substantial amount of time dependence. This point will be further

discussed in the following pages.

Table 4 presents a summary of results calculated from various measured electrical and

physical data. The change in capillary radius, Ar, listed in Column 2. was obtained from the

difference of the final and initial values for the capillary radii (see Table 2). The capillary

mass loss was calculated from that difference and the density of polyethylene (950 kg/an3 ).
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Table 2. Sumnmaiv of Measured Data

Shut ipk(k,.A I '('oft.,) L O( .( I/1 k,,. j,.. i A ) tp . i rb, 7717•( ?, 7• 7,?,,"
7.50 11-143.5 1* 07 1

10.5 1,140.3 * 3S:3 3.1.0 516 3.175
3t 23.8 14-3.- 60.6 .1'0 67.4. 593 1 3.302

4 31.9 1397.7 83.1 480 91.6 566 3.365 3.454

5 41.9 1777.4 123.4 473 141.6 563 3.454 3.543

6 45.3 1832.1 129.i 417.1 1.16.0 572 3.568 3.670
7t 47.4 20241.5 124.1 453 1-1S., 609 3.683 3.797

8 58.7 203.1.7 143.9 460 169.7 589 3.835 3.962

I Not measured.

* Pressure measurements not valid.

t Soldered fiber-optic holes had blown out.

Table 3. Peak Data
Ir

Shot 'P D Lt D t Z4 Cat PP 9 ~t

(kV) I(,ps) (,u') (,) i-s II (.4) (P )) ((/PI)
1 1.453 366 10.91 392 7.5 407 * *

2 1.510 274 15.37 349 10.5 383 34.0 516

3 1.552 356 35.42 471 23.8 480 67.4 593

4 1.653 372 51.65 450 31.9 480 91.6 566

5 1.837 385 74.84 459 41.9 473 141.6 563

6 1.910 399 83.78 456 45.3 474 146.0 572
7 2.021 389 96.71 460 47.4 453 148.4 609

8 2.040 463 120.0 463 58.7 460 169.7 589

Pressure measurements not valid.
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Table 4. Summary of Energy-Conversion Data

Ishot A 7' (~n .l77 A" Mg) ED .*kJ m . .) ..(T,(.)
1 20 ., T 23.1 T 5.3 22L,9T 189.9 .15.3

732.3' 7.3 -'25.31 13.7 68.632. 225-3 13
663 .. 9t 15.0 22-1.7t 62.2 82.6

4 SS.5 109.7 21.4 194.4 49.8 81.1

5 178.0 113,2 29.8 263.8 41.7 83.1

6 203.0 133.5 34.1 2.55.4 40.1 72.2

7 228.0 15.5.0 37.4 241.1 41.7 71.9

8 254-.0 180.0 17.0 261.4 3.1.0 73 6

tr Extrapolated from results on Shotr 4-8.

The total energy deposited in the capillary, $O (Column 4), was obtained by integrating the
product of the measured capillary voltage arid current over the width of the current pulse.

The ablation coefficient for the polyethylene capillary was taken to be the ratio of deposit,.d

cnergy to mass loss and is shown in Column 5.

We should finally point out that, for a power supply delivering energy to a load, the

load impedance plays a crucial role in determining the amount of energy transferred. Ili

electrothermal guns, we are concerned with maximizing the energy dissipated in the plasma.

Typically, an impedance can be found which will maximize the amount of energy tran:,ferred

and hence the trarsfer eficieticy 7. As the load impedance exceeds that for rilaxillilril

efficiency, the amount of transferred energy steadily decreases; for !oad impedances even

slightly less than that at maximuri- efficiency, the amount of energy transferred can bc

greatly decreased. This effect is particularly pronounced with a plasmia load sinc.e tlw plaisina

resistance becomes smaller for larger currents. Even in the relatively short series of firings

discussed here, the effect of load resistance on the transfer efficiency can be seen, 'I'he

mirnimum of V(t)/i(t) for each shot was used to calculate thne minimum plas•ra resistance,

RJ,,,, listed in Column 6 of Table 4. Low-current shots produce a fairly ligh-resistafticc

load for which the transfer efficiency is found to be less than 70(X (Shotij I and 2). For a

load resistance below 40 mQ, the transfer efficiency also begins to decrease. For this j,,,wct

supply, maximum efficiency for energy transfer is near 85% arid occurs for a load iniln'da-cu

in the range of 40-65 mrf.

28



b.4 11"-vl.Rmurp-Gile( (Cidiblratt.iut. Iii our cariy io temipts to nicasurt. t lit, plitsmia pres-

RM!% H N", 11111, silit( lILgummilM- IN,(( hl was usedt'( 1 c~uImimil icitte jprcsur.Si it, thc v'dlui~ll of

the cirmyinrv to the pir~m~uret*rillkdilur, iir, thlis itita wam quickly jiabandonled its the

mlii' gn11 I4m- fnilvl It jinpuliatir lii gagv fitmnii Ih libigh. pulsvdeci(l(triiad curi'eiit .An ;ltvi-

in, IN ule o u tl pillintly waiI*ll et LhvrY ienvin'I:g it thini Iiect io of polyethylen huetcii I hv gage
hadind I ll h le him tier l face of Ih li Ct iliiry wall, Thic Lrnnmld ucer had a flat, ci rculh Mver
thmlin~irngip wiel''-d to thle- I rL~tintiduer ruitllig. WhlenmunliteId radially, the polyethiylerii wall
Ownel ptoijot-ted at imiinlilifoinii cIIINN hcct loll to the gap. huad, olIC which was thin at thie ceniter

of le~.g lilt, ] and Ihic i'rfl I lilt- vi~di,

'It *t% nimhun'e I lic I rnwidiu vt plymieli n% (mijil-Itely Jill- imhr-ibie, it wa decided to perforin
0I' li .tv ;i~e I libleitll 11,1 81D 1 TSID o obilitii imFuv compal~rablle to the evectric-dischlarge 12x1)r-

iloil#lt", a fluldnudI~tlJ~intoli alrihligEploiLlit tt'Di empiiioy(d. A\ hiltrt Piectiori of barrel fabricite'd

toi niAlmaithioe jImItJInmie %Ia, JOBi to till capiiiiiry 1116119 I LitJ~Vivai'/d pi)pe coupling. A
puloiiiie lihth-Il J~I'Aklili4 111111 i dici (Moudel '217(C), ufte'd fo it a efeliesue iii('wiiirviiieiL, Wj%%i.

nimll'iiitit inIi hew mttiniolm d balthit it ul ''Iil l ilini Ile, I liv Ililzzlvendic of Lt(e caliblrationI barrel.
A r y*.iiteIod , cidi-led to Li t dept i of GUt. mm, mix uxed to furni the capilla~ry. A sto'd

peillion wlit throw~'i () rig%~' mmunditheli" iliti)lo Nhi~tft w". mtounitedol o four guide pins and wau
fri' to bildi'11 Inito'h lnuzxdpentd of Lhje Wnilrandi bu lrreL, lifl'uinollpump oil wax umed( imk

16 leI01 Ink iumolug Hlii A bIttin d Wftcui oltai uut'Ieti 1) whic Hiaveli d iskh could be dropped onto
Il. he ste elt 111101,Ill -'h'wei-ghth (3 4( 11JA i, X1W11111111), Which(1 We .( attLachedI to nL Rid umiiltim plate,
%V'IP Wileirl Icy fouri ale4 %lilek11. 'flIe ly otil nivildu ''liblira ol batrrel werc' IIMxitiv '1ltd in the
Rhillllllilll hlo!Iliag illel jImowliolt upi~; hglta I Wble ottlin of tile (irtq; nwrld. Itb cipiur thalt

Il10111l11111 nill wDirt tltii'iii'i ill the' LUI-111DI'fthillA fluid prior to hipkertion of the intJ on till(] drop.

1u1111A lilt e' K14"lhi, till Ielthlll linduit bitii~ll thiiiiovie hiou# thiroughI lthe MuLiift b~y whlich trappe)(d
gil ictild lhp D#i1'nd, (IMP the mir wat, muiillIQi'i l'('ittvid frnt th lmnvl~iil alid the jIdtuli

rivotrd to thle' p1 jioe'p depth I, the' Iii ugi I luk With NVIL~I(d . ~Th eg WV81II Were rlecaed one( it(!-

tIl I ilivitt thll' lulhuili, builbbeqllu'Iltly co(Jllil~l'hkL' the( fluid Ilit Llho (Iitili~try tind Lilt-:Lcalibrationi

ltieuI.I and11 tlle'i'lj evilIlinti-d till- dv'hle'd priE'kkive jiulike. I('Lik pre'miturer. miltiLr to thlivtN ill

tQp' 1111 e LII dxLhbLMAhifl~ obe iltflIned. alhthioughi ;'leklrI' rim,' Lino," were on ii oit'01ter of it
(IA'u illl1hVIb)II eitiw. I Ili~l-. I)'I f inif'Ihininie'lf'u 'til ie'hpe'it-di for ec'icl unpjillitry dinitueter- fired,
And 1 .f''it114 'elDiblk/ib lit tiiuj. wop'l.1li , A tv'ii ill Neit oif id~hl''hii tFL( IM is fhilow'il in ii ug 8. It
I nil Ill, Iliiih f11 t" I 1g. h Lieti lutI i th ifuii 0' higulaIi mini i'm u Am t early t~ileR, J1imi lhaiolni if-
I-m1 inlmly du111 ii the p~uj~gtimpilu ii'dpy "" or2' ~ the' plt1'mfttrp yn "'InE i Llir flidi~ coll~l~in.

Iliti' allie t III11' pD'MiJII' it oivinhlee Ijitl1  lfd i eivgii toti Li# pitome'Ricior(' dthd b) Owh
l 1111111m I) rnlil %, " tiM I flh 1i#' t, 1g.' tlit,11' 11 Di lhi~t iaup I'm ote 1111dl, h 11h 10 ( 1tid, wits (le'tvI lIlli'(l foi



Pu--'c coc

.. •.. . .. .. .....

CL

2rC -D5C0C 60C- -C

Figure 8. Reference Pressure and Capillary Pressure as a Function of Timen.

each capillary diameter tested. The tests which yielded the largest peak pressures were used

in determining the calibration factor. Similar calibration curves were obtained regardless of

the 1)eak pressure for a given capillary diameter. The calibration curves can be separated into

two distinct regions: positive dPI/d (rising pressure) and negative dP/dt (falling pressure).

Curves for the falling pressure data are shown in Fig. 9. The calibration factor is fairly

cotistant, particularly for pressures greate," than the yield strength of polyethylene (31 MPa).

F'urt.liermore, deviation from the reference transducer reading is on the order of a few percent

for the larger diamctcrs and 15/% for the smaller capillary diameters. The rising pressure

data are shown in Fig. 10. These data exhibit the sanice belhavior, except for some oscillations

occurring at early thnes. The nature of this behavior can be attributed to the inadequate

meals and joints umed in the barrel asshembly. During the initial pressure rise, the fluid probably

filled voids furmed during aoseitihly of the capillary to the barrel.

Of particular itl erest is the calibration test for the 6,(731 mm diameter capillary. On that

test the drop weight bounced on the piston producing a double-peaked pressure p)ulsc for

wic' the second pulse was initiated before the first could fdll to zero. It appears from these

data that om'ice the initial pre.suri/,ation of the 1luid in the capillary column was completed

(0t 80 Aflla), the calibration factor remained fairly constant at 0.830 with a deviation of

* 3.A1%, evewn for pressures which sulbsequenttly fAll blow 80 Nl Pa.

A calibration test was also done using the 7.137-rumo diameter capillary; as an expedienicy,
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Table 5. Summary of Calibration Constants for the Capillary Gage

Capillary Diameter (mm) Wall Thickness :• the Gage (mm) Calibration Factor

6.350 1.77 0.863

6.731 1.58 0.823

6.908 1.49 1.044

7.137 1.38 1.035

the capillary gage was installed unidcr atmospheric conditions to facilitate the tests. There

was no appreciable deviation in the calibration factor for pressures greater than 75 MPa.

liowever, the oscillations appearing at low, rising pressure were somewhat erratic.

Data for the largest capillary diameter tested (7.67 mm) are not shown. The peak

pressure attained using that diameter (180 MPla) was sufficient to burst the galvanized pipe

coupling that joined the capillary to the calibration barrel. However, the calibration factor

obtained prior to failure did not deviate significantly from that obtained using the 6.908 and

7.137 mm capillary diameters.

It should be noted that the form and duration of the pressure pulses are not identical to

those generated in the electrical-discharge experiments. In the electrical firings, one end of

the capillary was open and the other sealed with the steel anode. In the calibration experi-

ments, both ends were, to a great extent, closed. Also, the calibration tests were performed

at room temperature whereas the electrical tests produced elevated wall temperatures. IIigh

temperatures should cause the polyethylene to yield at a reduced pressure allowing the gage

to follow the plasma pressure more closely as a function of time.

The capillary gage calibration factors were taken to be a best-fit, constant-value for

pressures greater than the yield strength of polyethylene (34 MPa). An average of the

rising and falling data was used, and are listed in Table 5. As can be seen from the table,

wall thicknesses greater than 1.58 mrn cause an overestimate in the actual pressure by about

15%, while thinner wall thicknesses yield underestimated pressures by only about 4%.

6. CALCULATIONS AND COMPARISON WITH EXPERIMENT

'We now turn to undertaking some specific calculations with both the steady-state and

time-dependent models. In all cases we attempt to carry out calculations which allow us

to compare the results with experimental data. Considerable discussion will be presented

indicating the extent to which the theory and experiment agree, as well as attempting to
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interpret physically the results.

6.1 Steady-State Calculations. In PZ1 we exercised the steady-state, isothermal

model to compute plasma properties for five of the shots discussed in the previous s'ction.

The shots selected for analysis were those for which valid pressure data were obtained. i. e..

Shots 2, 4, 5, 6, and 8. The calculations were carried out using as input the peak current

obtained in each of the five shots. A comparison of the theoretically obtained voltage drop,

Vth, measured across the length of the capillary, was also compared with that obtained

experimentally and given here by 1;,. The voltage can be calculated from the simple and

obvious formula

•'h=i 2rrc) (47)

We now undertake similar calculations using the updated steady-state model. The prin-

cipal difference between these calculations and those reported in PZ1 is that the present

model includes the nonideal effects discussed in Sec. 2. Results of the calculations are shown

in Table 6. Most of the res-ilts are self-explanatory and need little discussion. The radius rb

was obtained from the average of rb, and rbf indicated in 'Fable 2. The capillary length, f,

was in every case equal to 6.09 cm.

The quantity PD, shown in Column 7, represents the power dissipated in the capillary

due to the finite resistance and is given by V'D = 1pkith. This quantity is important in

assessing the capillary performance because, in the steady state with no heat loss to the

walls, this energy is equivalent to that which flows past the capillary exit.* Thus, typically.

for time scales of the order of a few milliseconds, one can use the capillary to furnish energy

of the order of several tens of kilojoules. The quantity Z in Column 8 represents the ratio of

the total number of ions in the plasma to the total number of heavy particles. Consequently,

this number gives some indication of the extent of ionization and increases with increasing

current and temperature (Column 6). The parameter rb in Column 9 gives the recession rate

of the solid surface and mn, in Column 10, the steady-state mass contained in the capillary.

Finally, < P > represents the pressure averaged over the capillary length, and < -Y,, >

represents the similarly averaged nonideal parameter which measures roughly the ratio of

kinetic to potential energy in the plasma. Various, nearly similar, definitions of the nonideal

parameter exist and we have used the relation

"*If the energy passing the capillary exit per unit time ii calculated in the isothermal, steady-state model, it will be found

to differ from the dissipated energy by a slight amount equal to the kinetic energy of the gas products. The reason, of course,

is that the kinetic energy was neglected relative to the internal energy in the approximations leading to the development of the

model. We are grateful to Dr. Jad H. Batteh who pointed out to us the existence of and reason for this discrepancy.
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Table 6. Calculations with Isothermal, Steady-State Model and Comparison with Experi-

mental Results

"Shot i ,k 7b 1"", 1 'th T P'D Z [b 7271 < P > < >
# (kA) (mm?) (volts) (volts) (cV) (Mu1') (cm./s) (I7g) (A!Pa)

2 10.5 3.18 1440 1339 1.83 14.1 0.39 3.74 0.68 18.4 0.26

4 31.9 3.41 1598 1926 2.61 61.4 0.71 9.64 1.43 58.8 0.27

5 41.9 3.50 1777 2113 2.84 88.5 0.76 12.4 1.78 78.3 0.27
6145.3 3.62 1832 2109 2.87 95.5 0.77 12.8 1.88 78.5 0.27

S [ 58.7 3.90 2035 218, 3.03 128.A 0.81 15.0 2.28 89.0 0.26

€2(n, + n,)'/3 (48)
4.r. okT

As was pointed out previously, values of this parameter larger than about 0.1 indicate that
Coulomb interactions and the resulting nonideal effects should not be neglected.

Comparing the voltages V, and Vth for the various shots, we see that the agreement
is fairly good; maximum deviations are about 20%. We should also point out that the
results are not vastly different from those obtained via the model in PZ1. Voltages are
slightly higher for the computations here since the nonideal effects lead to a reduction in
the electrical conductivity. Experimental voltages are slightly smaller than those in PZ1

because corrections for anode resistance and capillary inductance have now been included
as discussed in Sec. 5. For none of the quantities computed in the table, however, did we
observe differences larger than about 10% from those calculated in PZI. This conclusion

is perhaps surprising since, at a given temperature and pressure, nonideal effects can have
a much more significant impact on the conductivity. In the problem at hand, however, in
which all the variables are nonlinearly coupled, a reduction in the conductivity because of

nonideal interactions leads to an increase in resistive heating. This increase is followed by a
rise in tempeiature which tends to bring the conductivity back up. Thus, the overall effect
is not so significant as might be expected a priori.

In PZ1 we also investigated a model which was steady state, but in which the isothermal

approximation was not assumed. In other words, the variables which were assumed to be
position independent in the previous section, were allowed to vary. In the present work, we

have not developed such a model explicitly, but rather have obtained steady-state results by
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relaxing the time-dependent calculations for a specific current until nearly steady behavior

was observed. We discuss now sonic of the results of a calculation undertaken for Shot S (see

Table 6). This calculation was performed primarily to examine the validity of the isothermal

approximation.

The initial conditions for the calculation were taken to be the steady-state values obtained

via the isothermal model. These variables will not satisfy the equations of the more general

model initially, and will evolve in time until a new steady solution is reached. A comparison

of the two steady solutions should then provide an indication of how accurate the isothermal

model is.

For the isothermal case, we showed in the previous section that no steady-state solution

existed for w(z = () greater than C,0 where C,o rep,-esented the isothermal sound speed. For

W(z = t) = C80, the flow is choked and it is easy to show that the breech and exit pressures

must satisfy

Po = P(z = 0) = 2P(z = f). (19)

Under conditions which are not isothermal, the sound speed is more difficult to compute, and

we have for simplicity used Eq. (49) to supply the additional boundary condition required.

The sound speed at the point z = f has been estimated in our calculations from the very

approximate expression

CS = (IiiP/p)'12 , (50)

where jlff is the effective adiabatic exponent or specific-heat ratio for the plasma given by

(Zeldovich and Raizer 1966)

jYff = 1 + P/(pE). (31)

Equation (50) is known (Tidman and Goldstein 1985) to produce an estimate of C,5 which

is slightly higher than that produced by the more rigorous expression, namely,

S=(52)as= p] '5

with the subscript S denoting partial differentiation at constant entropy.
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Shiowu in Figs. 11 and 12 are pressure and temperature profiles obtained from both the

isothermal model and the more goncral model discussed above. Results are plotted as a

function of the dimensionless distance z = :/[. As can be seen, the pressure in the arc

aerees 1o within, at worst, about 1.5":,. everywhere; the temperature is in somewhat hetter

agreerent. Presumably, the blight drop in temperat urc with increasing ý results from a

greater percentage of the total energy in the arc beiiig associated with kinetic energy of the

gas products as they' are accelerated near exit. Similar observations were noted in PZ1. The

load voltages predicted by the general and isothermal (see Table 6) models were 20,17 and

2188 V', respectively. Similarly reasonable agreement has been found for other variables and

other shots and we conclude that the isothermal model can be used reliably for predictions

in cases for which the flow is steady and for which extreme accuracy is not required.

Isot'e-'n' Steodv Store" e d •b• , •:, '.•; ;:•....

1O*' *............ ...10 C........... 
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40 - _' _ _' ,
0 0.2 0.4 0.6 0.8 1

Figure 11. Comparison of Steady-State Pressure Profiles in the Isothermal and General

Models for Shot 8.

6.2 Time-Dependent Calculations, In addition to the steady-state calculations de-

scribed above, we have also undertaken a number of time-dependent calculations with the

more general model. The purpose of these calculations was to compare with time-dependent

experimental data for the shots discussed in the preceding subsection. It is necessary for
these calculations to input the current i(t) as a function of time. This current was obtained

from experiment (see, e.g., Fig. 5) and then fitted to a sixth-order polynomial in time. Such

a fit was found to give an accurate representation of the actual measured current except at

the very end and the very beginning of the current pulse. These extremes were omitted from
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Figure 12. Comparison of Steady-State Temperature Profiles in the Isothermal and General

Models for Shot S.

the calculation anyway, since we selected for analysis a region about peak current for which

the pressure measurements were felt to be particularly accurate.

For all these calculations, the boundary condition at exit was taken to be that given in

Eq. (49). When this condition was applied, we generally found that the exit speed of the
gas products was slightly less than our estimate of the sound speed at exit obtained from

Eq. (50). The initial conditions employed in each case were the steady-state values of the
various parameters obtained at a value of the current equal to that which we chose to be the

initial value in the pulse described above. These values were obtained by running the time-

dependent code at the initial current until a steady state was achieved, and then allowing
the current to vary.

We now discuss some of the results of the calculations. We will confine our attention
to Shots 4 and 8; other cases gave very similar results. We will first discuss some purely
theoretical results and then compare with the available experimental data.

Shown in Figs. 13-15 are pressure, velocity, and temperature for Shot 8 at three different
times. The only noteworthy aspect of these graphs is the observation that the profiles look

reasonably steady; the shapes of the curves hardly change as the current rises from about

36 kA at 300 ps to a peak of about 58 kA at around 460 ps, and then drops to about 26 kA

at 700 ps. Further evidence of the steady behavior can be seen from data in Table 7 in which
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are shown in Columns 3 and 4 the power dissipated in the arc at the time in question. PD.

and the power passing the capillary exit plane. TPp-. The latter (1a:1t ti V wa caidcIlatcd from

the expression

'Ph- A.4pzv(E-, , I'>=i. (53)

As suggested previously, one would expect results in Columns 3 and 4 to be equal in steady

state. Actually the results agree to within, at worst, about 5% .' Also shown in the table
in Column 5 is the estimated sound speed at the exit plane calculated from Eq. (50) and,

in Column 6, the exit velocity of the gaseous products. As pointed out, the exit speeds are

somewhat smaller than the estimated sound speed.

ICC- 1030-
* = 300 uts
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.................. ...............
8C-._
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0 0.125 C.250 0.375 0,500 0.625 0.750 0.875 1

Figure 13. Calculated Pressure Profiles at Several Times for Shot 8.

One of the principal reasons for investigating a time-dependent model was the obser-
vation, made by us as well as others, that many of the plasmadynamic variables in these

arc-discharge experiments exhibit significant time-dependent behavior. The very early ex-

periments of Ibrahim (1980), for example, indicated that the capillary voltage was not a
single-valued function of the current as one would expect for completely steady behavior.

Furthermore, it was noted in that work that even more significant time-dependent behavior
was observed in other arc variables such as the pressure. The later work by Ruchti and

"*We could also compare the mass ablated per unit time with the mass which flows past the exit, as well the momentum

flax to the total pressure drop across the capillary. These cacudations have in fact been carried out, and the results indicate

nearly steady behavior.
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Figure 15. Calculated Temperature Profiles at Several Times for Shot 8.
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Table 7. Theoretical Results from Time-Dependent Calculations for Shot S.

t * f Cs(', 1) [ ,(C'= 1)1
us (kA) ) (Af W) (krri/s) (k/)

300 36.1 60.7 57.2 9.8 8.8

500 58.3 121.2 121.7 11.1 10.0

700 26.2 38.5 41.2 8.9 8.2

Niemeyer (1978), if examined carefully, also demonstrates substantial time dependence in

the measured pressure versus current, with the current reaching peak value considerably

prior to the time at which the pressure peaks. Finally, with regard to electrothermal guns,

"hysteresis" effects have been observed in voltage-versus-current profil.es not only by us but

by other investigators at BRL as well (Katulka et al. 1990).

In order to compare calculated time-dependent results with experimental data, we have

plotted in Figs. 16-19 for both Shots 4 and 8 the experimentally measured conductance and

pressure as a function of current. The graphs were plotted only for the time during which the

calculations were carried out, i. e., for 200 ps < t < 700ps for Shot 8, and 300 /s < t < 7 00 ps

for Shot 4. Shown on the same graphs are the calculated results for the appropriate time

interval.

In Fig. 16 are the experimental and theoretical values of the conductance for Shot 8 as a

function of current. It is evident from the curves that both the experimental and theoretical

value of the conductance is, at any fixed value of i, slightly lower when the current is

rising than when it is falling. The difference is much more pronounced, however, in the

experimental than in the theoretical case. Similarly, shown in Fig. 17, are the calculated and

experimental values of the pressure Pp at the point ý = 0.28 (or z = 17 mm) as a function

of the input current. Here the time-dependent effect is considerably more evident, especially

in the experimental data, where the pressure is a factor of two or so higher when i is falling

compared to when it is rising. Similar results can be seen for Shot 4 in Figs. 18 and 19.

The slight time dependence in the theoretical results, which arises from the time-varying

current, can be described approximately as follows. A small increase in current leads to an

immediate increase in Joule heating and a corresponding rise in temperature. Thus, the

rate of ablation, which depends primarily on T, also rises with the temperature. The rate

of mass loss in the capillary, however, depends not only on T but also varies strongly with

the density p. Therefore, the rate at which mass flows out the capillary will be lower than
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Figure 16. Experimental and Calculated Values of the Conductance as a Function of

Current for Shot 8.
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Figure 17. Experimental and Calculated Values of the Pressure as a Function of Current

for Shot 8.
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Results of the calculation for Shot 8 are shown in Fig. 20 in which are plotted the

plasma conductance obtained from the experiz•entally miieasured voltage and current, the

value obtained via the steady-state model under the assumption that the flow was sonic,

alI(I finally the value obtained when the calculation was carried out using the experimental

pressure &-4 describeed above. The results tend to irdicale slightly better agreement between

theory and experiment for the case in whihli the pressure was matched than in the case

in which the exit flow was assumed to be sonic. As is evident in the figure, and as has

bren pointed out previously, the voltage or con(luctalic( is not very sensitive to the capillary

pressure mince the psmina conductivity depends primarily on the temperature.
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Figure 21. Plasma Mach Number at Exit Plane for the Pressure-Match Calculation.

7. CONCLUSIONS AND DISCUSSION

We have carried out both steady-state and some time-dependent calculations of plasma

properties for capillary discharges similar to those which occur in electrothermal guns. Re-

sults have been compared with experimental values of the capillary voltage and of the pres-

sure measured at a specific point in the capillary tube. General conclusions obtained from
this work can be described as follows:

1. The steady-state, isothermal model, for the assumption that the flow is sonic at exit, gives

estimates of the plasma voltage which are in reasonable agreement with the experimental
values, The voltage appears to be fairly steady although some hysteresis is evident in the

experimental voltage-versus-current curves.

2. The measured and theoretical values of the pressure do not agree, differing typically by

as much as a factor of two. Substantial time-dependent bchavior of the pressure is indi-

cated from experimental pressure-versus-current traces. The time-dependent model, which

accounts for the time variation of the ctirrent. profile, predicts the correct trends in the non-

stationary behavior of both the voltage and pressure, but the magnitude of the effects is

significantly underestimated.

3. Calculations in which the flow is not assumed to be sonic at exit but, rather, the exit

speed is determined by using the experinictutal value of the pressure', were also carried out.
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Results of these calculations indicate slightly, but unconvincingly, better agreement with

experimental voltage measurements than do calculations performed for the sonic condition.

Although we are reduced largely to speculation, we will now discuss a number of reasons
which might contribute to the discrepancy between theory and experiment and suggest future

improvements in both the models and experiments that could illuminate the subject further.

The first and most obvious limitation of using the model to compare with experimental

results is the necessity of assuming some boundary condition concerning the exit velocity of
the gaseous products. Fortunately, many of the plasma properties, such as its conductivity,

do not depend strongly on this condition. One possibility for the nonsteady behavior of the

capillary properties could be a rise in pressure in the brass extender tube, resulting in an

unchoking of the flow as time progresses. Evidently, however, no such effect could account

for the time-dependent voltage observed when capillaries are fired into open air, such as

in the experiments done by Katulka, Burden, and White (1990), and other explanations

must be investigated. One conceivable explanation could be the substantial amount of
electrode ablation observed near the exit of capillary, This effect might be expected to

lead to a situation in which the heavy, less mobile, electrode material prevents the escape
of the capillary plasma. If such an effect does occur, it would become more dominant with

increasing time since the ablation of metallic material will lag the ablation of polyethylene by
a time period which depends very strongly on the temperature. This observation is consistent

with the results. Electrode ablation could be included in the models discussed above, but the

analysis would require the treatment of a nonhomogeneous mixture of polyethylene and the

electrode material. We are currently attempting to develop such a model. Experimentally,

the escape velocity of the gas at capillary exit could be measured. We have in fact attempted
these measurements via use of fiber-optic cables placed close together near the tube exit.

Measurements similar to these have been performed successfully in the past in the analysis

of railgun plasma armatures (Zielinski and Powell 1990). For the cases investigated here,
however, and particularly for the higher-current shots, the large magnitudes of the velocities

involved have made the data difficult to evaluate. Much of the difficulty arises because the

technique provides only distance-versus-time data and numerical differentiation, subject to
significanit error, is necessary to obtain the velocity. Preliminary results have suggested,

howcver, that the exit velocities are considerably less than the local sound speed in the

gas at the point in question. Further experimental work is required, however, before any

quantitative statements can be made. It would also be worthwhile to undertake experiments
with different types of electrode materials in an effort to determine the extent to which the

electrodes affect the results.

A second reason for the lack of agreement between theory and experiment is the possi-
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bility that the capillary plasma may be "contaminated." As indicated previously, this and

other capillary-discharge models are based on the assumption that the capillary consists of a

mixture of the various species which comprise the capillary wall. Clearly, however, if there is

significant electrode erosion, whether at the breech or muzzle end of the discharge tube, the

electrode material will become a part of the entrained plasma. The resulting mixture may

then have properties different from those of the assumed mixture. Furthermore, particularly

if the flow is not choked, there may be species diffusion from the region beyond the breech

back into the capillary. Again, under this condition, the constituency assumed for the plasma

will not be correct and its properties will be modified iii some unknown way. We expect that

this contamination may affect significantly sensitive plasma variables, such as the pressure,

density, and velocity, but not insensitive ones such as the voltage or temperature.

A third possibility for the lack of agreement may be that the current is not being con-

ducted throughout the entire radius of the capillary or, in other words, the thickness of the

vapor zone may not be negligible as assumed. In his early experiments, Ibrahim (1980) found

it necessary to postulate such an effect in order to achieve an energy balance between the

radiated and dissipated power. Perhaps these or similar conclusions have been responsible

for the development of a number of "two-zone" models such as proposed by Kovitya and

Lowke (1984). In those models the vapor layer is treated as a region of finite thickness

whose dimensions vary with the properties of the plasma in the central core. Necessarily, the

treatment of the vapor layer is highly approximate and a number of assumptions, difficult to

justify, are made concerning its properties. Nevertheless, the models discussed in this report

could presumably be extended to two zones. It is evident that conduction of the current in a

region having cross sectional area smaller than the tube itself, will produce higher pressures

than for the case when the conduction occurs across the entire cross section. This aspect of

the results would clearly be in better agreement with the experimental data. However, the

two-zone models referred to above have all been steady state and are clearly not capable of

explaining the time-dependent behavior of the pressure- or voltage-versus-time curves. An

extension of those models to the time-dependent case would be necessary before one could

hope to obtain any explanation of this aspect of the problem. Of course, the two-zone models

are just a rough approximation to a real two-dimensional model. As pointed out in PZ1,

a time-dependent, two-dimensional investigation of this problem is appropriate and timely.

Experimentally, the radius of the current-carrying part of the capillary could probably be

inferred from measurements of the magnetic-induction field as a function of radial distance

in the tube. Somewhat similar experiments (Zielinski 1989b) have been performed in the

past in railguns.

A fourth reason could be the experiment itself. Although the pressure transducer was
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calibrated in situ, the time scale of the calibration was an order of magnitude greater than
that of the experiment. Ordinarily, this difference would not be significant, but since a

polyethylene wall shields the gage, the dynamic properties of the polyethylene may affect
the results. In addition, it would be helpful to measure the pressure at a number of points

along the length of the capillary, and for capillaries of fixed diameter.

A final reason that theory and experiment may not agree completely is that there may
exist mechanisms, other than the thermal one assumed, which contribute to removal of wall

material. Such mechanisms include, for example, pyrolysis and stress-wave effects which can
cause spallation. These mechanisms, and the range of incident power densities for which
they are important, have been discussed by Nemes and Randles (1989) and are important

for these experiments.
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